1 Background 2 Sex chromosomes in a wide variety of species share common characteristics, including the 3 presence of suppressed recombination surrounding sex determination loci. They have arisen 4 independently in numerous lineages, providing a conclusive example of convergent evolution.
Introduction 27
Sex chromosomes are fascinating not only because they contain the master regulatory 28 genes occur in the Salix and Populus SDRs, suggesting a potentially shared underlying 66 mechanism of sex determination in this family.
67

Results
68
Genome assembly 69 We present here highly contiguous genome assemblies of a female and a male S. 70 purpurea. The female assembly (94006 v4) consists of 452 contigs with an N50 of 5.1 Mb, 71 covering a cumulative total of 317.1 Mb. Similarly, the male assembly (Fish Creek v3), has 351 72 contigs and an N50 of 5.6 Mb, covering 312.9 Mb (Additional File 1: Table S1 ). Both assemblies 73 are partially phased in genomic regions where the two haplotypes are divergent. Alternative Table S2 ). 81 Because we expected the female-specific haplotype to be differentiated from the shared 82 haplotype in the SDR, we anticipated that much of this region would be assembled as separate 83 contigs, corresponding to W and Z haplotypes in the SDR. These can be readily differentiated by 84 examining the relative depth of coverage when aligning male versus female short read sequences 85 against these references. After identifying the location of the SDR based on the presence of sex-86 biased markers [18] , the initial Chromosome 15 assembly appeared to consist of a mix of Z and 87 assembly with Z and W haplotypes assembled to separate chromosomes. To do this we first 89 identified the female-specific contigs (putative W contigs) using sex association and sex-specific 90 depth as criteria. This resulted in identifying 23 contigs that were putatively comprised primarily 91 of female-specific sequence (Additional File 1: Table S3 ). One scaffold was excluded because it 92 mostly consisted of an alternative haplotype of a longer contig in the PAR of Chr15W. 93 Many of these contigs lacked markers from our intercross map, particularly for those that 94 came from female-specific W (FSW) regions that were absent on the Z chromosome. We 95 therefore created new genetic maps that had a mix of SNP and indel markers that would be more 96 suited to capturing these hemizygous portions of the genome. The new genetic maps converged 97 to 19 major linkage groups representing the 19 chromosomes. The male backcross map 98 contained 8,715 markers, while the female backcross map contained 8,560 markers (Additional 99 File 1: Table S4 ). We used these to assemble a Z and a W version of Chr15 (Additional File 1: 100   Table S5 ). Thus, the current assembly (release ver5) contains 20 chromosomes, including 101 Chr15Z and Chr15W. A total of 6.56 Mb (95.7%) of the W-specific contig sequence, contained 102 in 17 contigs, was assembled to Chr15W using these maps. Four putative W scaffolds totaling
We used syntenic gene pairs identified through MCScanX between Chr15W and Chr15Z 157 to test if there are strata with different levels of synonymous substitutions (Ks), which would 158 indicate different phases of cessation of recombination [25] . There was little evidence to support 159 the presence of strata based on 151 pairs of Z-degenerate genes ( Fig. 3 and Additional File 1:
160 Table S8 ). The average of Ks was 0.028. For comparison, the Ks between syntenic genes on 161 Chr01 for S. purpurea and S. suchowensis was 0.027, and the Ks between S. purpurea and P. 162 trichocarpa was 0.156 ( Fig. 3) .
163
Translocations to the W-SDR and palindromic repeats 164 The recently translocated genes are of particular interest because of the insights they can 165 provide into the evolutionary history of the sex chromosome. Among 65 genes putatively 166 translocated from autosomes to the W-SDR, 10 have best hits on Chr19 (manually annotated 167 genes excluded) (Additional File 1: Table S9 ). Contig ws19 is particularly enriched for 168 translocated genes, and merits a closer examination ( Fig. 1 ). Contig ws19 contains 11 169 translocated genes, including four genes from Chr19 and four genes from Chr17 ( Fig. 1 ). Many 170 of these translocated genes occur in two to four copies on ws19 in striking inverted repeat 171 configurations that are similar to the palindromic repeats that occur on mammalian Y 172 chromosomes ( Fig. 4 ).
173
In S. purpurea, this region is female-specific and is composed of two palindromes.
174
Palindrome W.P1 spans about 42.7 Kb with a 2.6 kb spacer in the center, and Palindrome W.P.2 175 is immediately adjacent and spans over 165 kb (Table 2 ; Fig. 4a ). A 20 kb sequence occurs in 176 inverted orientation and shows high sequence identity across the four arms of both palindromes 177 (Table 2 ; Fig. 5a ). In palindrome W.P1 these are referred to as arm1 and arm2, and in among these four arms is greater than 99% on average. The regions of high identity are disrupted 180 by a ~500 bp insertion in the center of arm4. Furthermore, arm3 has a 6.9 kb deletion at 11.7 kb, 181 followed by a stretch of 1.6 kb that can be aligned to the other arms in the same orientation ( Fig.   182 5a). Additionally, there is a 12 kb stretch upstream of arm1 that shows high identity to portions 183 of arms 1 and 2. We call this the pre-arm for convenience (Table 2) .
184
Palindrome W.P2 contains an additional inverted repeat that is missing from W.P1. We 185 refer to this as arm3b and arm4b (Table 2 ; Fig. 4a ). Sequence conservation is somewhat lower 186 between these two arms compared to the other four, ranging from 96% to 99% over most of their 187 length. Furthermore, the regions of high identity are disrupted by numerous insertions and 188 deletions ( Fig. 5b ).
189
Gene content of the palindromes 190 There are five genes duplicated across arms 1, 2, 3a and 4a of both palindromes. These 191 are the Small Muts-Related protein (SMR), a Type-A cytokinin response regulator (RR), two 192 genes that contain an NB-ARC domain (R1 and R2), and a Hydroxycinnamoyl-CoA shikimate/ 193 hydroxycinnamoyl transferase (HCT) ( Table 3) . All of these genes except R2 have clear 194 paralogous copies on Chr19. There is very little sequence divergence among most of these 195 paralogs in the palindromes (Fig. 5 ).
196
The cytokinin response regulator is of particular interest because an ortholog of this gene 197 has also been found to be associated with sex in Populus [22], and is therefore an excellent 198 candidate as a master regulator of sex in the Salicaceae. The RR gene is highly conserved across 199 all four palindrome arms on the W-SDR ( Fig. 5a,c) . Interestingly, we also found a pseudogene 200 copy of the RR gene on the Z-SDR. This is the only one of the five genes that is present in some 201 form on the W-SDR, the Z-SDR, Chr19, and also in the SDR of Populus. There is a 2.6 kb sequence inserted upstream of all RR copies in the palindrome, and not in the Z-SDR 203 pseudogene or on Chr19 (Additional File 2: Figure S4 ). This suggests that the W-SDR 204 palindrome formed after translocation from Chr19. Interestingly, the RR gene also occurs as there is a homolog of ARGONAUTE 4 (TF2C) and a CBS domain protein (ACDP) in single 213 copy. Four of these genes were apparently translocated from Chr17 (Table 3) . This leads us to 214 the hypothesis that after these genes were translocated to the W-SDR they underwent several 215 rounds of structural rearrangements, including duplications, inversions, and deletions. 217 To gain further insight into the composition and history of the W-SDR, we used 218 LTRharvest and LTRdigest to annotate LTR retrotransposons in the palindromic region. We 219 identified one LTR retrotransposon in the pre-Arm region and 12 LTR retrotransposons in 220 palindrome W.P2 that have terminal repeats identified with coding regions (Fig.6a ). These 13 221 retrotransposons are likely to be independent insertion events given that they have different long 222 terminal repeats as well as different target site duplications and do not occur in the same 223 position in the opposite arm of the palindrome (Additional file 1: Table S10 ). Given that there 224 are varying numbers of substitutions within the LTRs of the same retrotransposon, it appears that these insertions have occurred repeatedly after establishment of the palindromes. Using a 226 previous estimation of the mutation rate in P. tremula (2.5x10 −9 per year)[26], we estimate that 227 the oldest insertion occurred at least 8.6 ± 2.9 s.d. MYA from a nonautonomous LTR 228 retrotransposon, Ltr-p2-a ( Fig. 6a and Additional file 1: Table S10 ). This is likely an 229 underestimate, since the Salix substitution rate is substantially higher than that of Populus [27] . 230 Since the oldest substitutions occurred in Palindrome W.P2, we infer that this element became 231 established first (Fig. 6a ). The LTRs of the nonautonomous elements Ltr-p2-a and Ltr-p2-k flank 232 the SMR and RR genes ( Fig. 6c,d ; Additional file 2: Figure S5 ), which raises the intriguing 233 possibility that these LTRs were involved in the translocation of these genes to this region. We 234 also found two highly identical LTRs from the same family in W.P1 (Ltr-p2-b3 on arm3 and the 235 Ltr-p2-b4 on arm4; Fig. 6a -c; Additional file 1: Table S10 ). There are truncated parts of this LTR 236 in the pre-arm and the spacer between arm1 and arm2 as well ( Fig. 6b, c) . These copies might be 237 a direct consequence of duplications and inversions that occurred during the formation of the 238 palindrome instead of independent insertions. 240 We have shown that the palindromes are likely to be millions of years old, yet sequence 241 identity of portions of the palindrome arms remains high ( Fig. 5a ). A likely explanation for this 242 is gene conversion among the palindrome arms, as has been observed in the mammalian Y 243 chromosome palindromes [5] . To test for this, we searched for regions that had interspecific 244 polymorphisms relative to S. suchowensis, a closely-related species with ZW sex determination 245 [20]. If regions with interspecific polymorphisms lack paralogous sequence variation (PSV) 246 across the palindrome arms, then this would be excellent evidence of gene conversion. We 247 detected a 3 kb region within the palindromes where there are no PSVs in S. purpurea and only one PSV in S. suchowensis, but substantial interspecific polymorphisms (Fig. 7) . The depth of 249 this region is 4N as expected for the four copies of the palindrome arms in S. purpurea. In S. 250 suchowensis, the depth is between 2N and 3N, which indicates that there might be a palindrome 251 structure as well, though it might be incomplete. We also applied the same methods with 252 resequencing reads of two female and two male S. viminalis individuals (another Salix with ZW 253 sex determination) [19] , but the palindromic region was not well covered by reads of either sex. 254 This may indicate that S. viminalis lacks the palindrome, though it is more distantly related to S. 255 purpurea than is S. suchowensis, so this may simply be due to excessive sequence divergence in 256 this region. 258 We examined expression profiles in multiple tissues of the two reference genomes to 259 validate the predicted transcripts and to determine how the expression patterns of genes in the The W chromosome in S. purpurea 276 Using male and female specific depth from a controlled cross pedigree, we have been 277 able to identify Z and W haplotypes from the SDR of a highly heterozygous species from a 278 standard PacBio assembly. We also show how presence-absence markers generated from 
216
Multiple LTR retrotransposons in the palindrome
239
Evidence for gene conversion in the palindromes
257
Expression patterns of genes in the palindromes
310
Initial analyses in P. trichocarpa suggested that the SDR is much younger than the whole 311 genome duplication event that is shared by Populus and Salix, suggesting that the SDR became 312 established well after these genera diverged [22] . The SDR of S. purpurea also appears to be 313 established relatively recently. Furthermore, W and Z alleles in the nonrecombining SDR have 314 similar Ks values compared to those for orthologous autosomal genes from S. purpurea and S. 315 suchowensis. Given that the SDR is located in approximately the same portion of Chr15 in both 316 species, and both have ZW systems [18, 20] , it is reasonable to assume that the SDR became established in this lineage prior to divergence of these two species, but well after divergence 318 from Populus. 319 Sex chromosomes commonly show evidence of "evolutionary strata" with markedly 
334
This is also consistent with the structure and composition of the palindromic repeats that we 335 discovered in S. purpurea, as detailed below.
336
Sex chromosome palindrome repeats 337 We have reported here the first observation of a large inverted repeat in a plant sex interesting to note that the chloroplast genome, another non-recombining chromosome in plants, 350 also contains a different large inverted repeat that undergoes gene conversion [35] and helps 351 maintain structural integrity of the genome, suggesting that this phenomenon may be common in 352 regions of the genome that lack recombination [36].
353
The S. purpurea palindromes are considerably smaller than mammalian palindromes, and 354 have only accumulated two major autosomal translocations, possibly reflecting their young age.
355
Another difference between the human palindrome and the one in S. purpurea is that the gene 356 conversion seems to be quite efficient across all the eight palindromes in humans, but the 357 observed regions under gene conversion in S. purpurea are much more limited. This is 358 particularly obvious in W.P2, compared to human P1, which has high sequence identity over 359 several Mb (Fig. 4) . and they also show evidence of dosage sensitivity [40, 41] . It is therefore reasonable to suspect 376 that the multi-copy genes in the S. purpurea palindrome might play important roles in sex 377 determination and/or sex dimorphism. Support for this hypothesis is provided by the type A 378 cytokinin response regulator homologs that occur in palindrome arms 1,2,3a, and 4a (Table 3) . 379 The best ortholog of these genes in P. trichocarpa is Potri.019G133600. This gene grouped with and is also associated with sex in several Populus species [22, 43, 44 ]. Further supporting its 385 possible role in sex determination, it was the only gene in the P. balsamifera genome that showed clear sex-specific differences in promoter and gene body methylation [43] . This raises 387 the intriguing possibility that this gene provides a shared mechanism of sex determination that 388 plays an essential role in the Chr19 SDR in Populus as well as the Chr15 SDR in Salix. This is 389 contrary to previous reports that detected no shared sequence composition of these two SDRs, Conclusion 430 We have shown that the SDR of S. purpurea contains large palindromic repeats that are 431 similar to the prominent palindromes on mammalian Y chromosomes. We further demonstrated that the Salix palindrome is undergoing gene conversion, suggesting some functional similarities 433 to the mammalian sex chromosomes, a striking example of convergent evolution in chromosome 434 structure. We have also demonstrated that the coding sequence undergoing gene conversion in 435 the palindrome, SpRR9, is orthologous to a gene that is also associated with sex in Populus. This 436 gene is an excellent candidate for controlling sex determination through modulation of the 437 cytokinin signaling pathway. However, much remains to be determined about the underlying 438 mechanism of sex determination. Most importantly, it is currently unclear how the same gene is Creek. Prior to use, Illumina reads were screened for mitochondria, chloroplast, and FX174 457 contamination. Reads composed of >95% simple sequence were removed. Illumina reads <50bp 458 after trimming for adapter and quality (q<20) were removed. For the PACBIO sequencing, a 459 total of 47 P6C4 chips (10 hour movie time) were sequenced for each genome with a p-read 460 yield of 39 Gb and a total coverage of ~110x per genome (Additional File 1: Table S11 ). The [54](Additional File 1: Table S12 ).
466
Chromosome-scale assemblies were created using a genetic map derived from 3,697 GBS 467 markers generated for a family of 497 F2 progeny from a cross in which the male reference is the 468 father and the female reference is the grandmother. This map is described more completely in a 469 previous publication [55]. This intercross map was used to identify misjoins, characterized by an 470 abrupt change in the S. purpurea linkage group. Scaffolds were then oriented, ordered, joined, 471 and numbered using the intercross map and the existing 94006 v1 release assembly [18] .
472
Adjacent alternative haplotypes were identified on the joined contigs, and these regions were 473 then collapsed using the longest common substring between the two haplotypes. Significant 474 telomeric sequence was identified using the (TTTAGGG)n repeat, and care was taken to make 475 sure that it was properly oriented in the production assembly. The remaining scaffolds were from the F2 family is only for the F1 parents, which cannot be directly used for phasing 536 haplotypes in the grandmother, clone 94006. By comparing parental genotypes from one LG to 537 those of the grandparents, we inferred which of the 94006 haplotypes were inherited by each F1.
538
These results were used as a piece of evidence for identifying W-linked scaffolds/contigs, as well 539 as estimating the overall occurrence of chimeric contigs in the assembly. After building a 540 framework genetic map using markers from the main genome, non-distorted markers from 541 unmapped main scaffolds and alternative scaffolds were added.
542
All unmapped scaffolds were manually checked to see if they matched the phase 543 information or contained female-specific markers. Those that were identified as Z 544 scaffolds/contigs were excluded from the W map. The new W and Z were assembled using the 545 python package ALLMAPS [60] to order and orient scaffolds and reconstruct chromosomes based on the genetic map. Only the order of the female backcross map was used to assemble the 547 W, and ALLMAPS was set not to break contigs. This new map-based assembly containing two 548 versions of chromosome 15 (Chr15Z and Chr15W) is version 5 of the S. purpurea var. 94006 549 genome.
550
To identify Z-degenerate regions and insertions in the female specific W (FSW), we 551 realigned the 2x250 reads of 94006 and Fish Creek to the 94006 v5 reference as described above, 552 except we removed Chr15Z out of the reference. Depth was calculated using samtools, and the 553 median depth of 50kb non-overlapping windows across was calculated with an in-house script.
554
Regions where medians of Fish Creek depth are no greater than 10 were considered as insertions 555 in the FSW, and regions with greater depth were considered Z-degenerate regions. This analysis 556 was repeated with a 10 kb window as well to enhance the resolution of the analysis. protein support, and one negative factor: overlap with repeats. The selected gene predictions 571 were improved by PASA. Improvement includes adding UTRs, splicing correction, and adding 572 alternative transcripts. PASA-improved gene model proteins were subject to protein homology 573 analysis to the above mentioned proteomes to obtain Cscore and protein coverage. Cscore is a 574 protein BLASTP score ratio to MBH (mutual best hit) BLASTP score and protein coverage is Table 1 Density of genes and LTR retrotransposons in different areas of the genome. Numbers in parentheses are standard deviations of frequency per 100 kb window.
Count per 100 kb
SDR Z-SDR PAR Autosomes* Genes 7.7(3.9) 7.3(3.4) 12.0(4.2) 11.4(4.2) Gypsy-LTR 20.7(12.9) 21.8(13.4) 8.3(9.1) 10.0(11.0) Copia-LTR 15.0(10.0) 9.0(6.7) 6.9(5.4) 7.9(7.0) * All 18 chromosomes are included. Potri.017G152600 86.03 [a] Manually annotated transcripts were included in the count. Numbers in the parenthesis are from a fragment in the upstream portion of W.P1 that is homologous to part of W.P1. [b] This cluster of tandem duplications on Chr19 in S. purpurea is not present on Chr19 in P. trichocarpa.
[c] The palindrome gene contains only a truncated blast hit to Sapur.008G005800 on Chr08. [d] This best hit with an expected value of 8x10 -3 due to a sequence length of 84 aa. Expected values of the remaining A. thaliana were less than 1x10 -10 .
